The phase diagram of the spin-1 Ising model in the presence of a biaxial crystalfield anisotropy is studied within the framework of a variational approach, based on the Bogolyubov inequality for the free energy. We have investigated the effects of In the past few decades there has been an increasing number of studies on the phase transition of the spin-1 Ising model with a longitudinal crystal-field 1,2,3,4,5,6,7 , which is described by the following Hamiltonian:
It is well known that when the uniaxial anisotropy, D, is greater than D c = zJ/2 (z is the coordination number), the system is always in the paramagnetic (P) phase, no matter the temperature. For D < D c , there is a ferromagnetic (F) state at low enough temperatures. At D = D c , we have a first-order phase transition between the F and P phases.
For null anisotropy (D = 0), the phase diagram in the (T − D) plane, in two and threedimensional lattices, presents a continuous phase transition. As the anisotropy parameter D increases, the critical temperature of this transition decreases. At low temperatures, the system presents a first-order phase transition, with a tricritical point (TCP) separating these two regimes.
For infinite dimension (d → ∞), the classical model, Eq. (1), can be exactly solvable, replacing J by J/N (N is the total number of sites) and the first sum running now over all pairs. This model with long-range interaction is equivalent to using mean-field approximation (MFA) or Curie-Weiss theory. The phase diagram obtained by MFA is qualitatively equivalent to the rigorous results of Monte Carlo simulation 7 in a three-dimensional lattice.
The limit d → ∞ corresponds to the MFA solution and, therefore, all different methods used to treat the BC model will tend to the MFA results when the coordination number z is increased.
On the other hand, some studies have dealt with the effect of a transverse crystalfield 9,10,11,12,13 . In particular, the presence of a transverse crystal-field in the BC model may change the nature of the phase transition, due to quantum effects. It is known that the determination of thermodynamic properties of quantum models is a non-trivial task, mainly due to the non-commutativity of the operators in the Hamiltonian. Therefore, the use of aproximate methods in these classes of models is always relevant. Moreover, mean-field-like procedures are known to be a good first approximation in describing critical phenomena in three-dimensional models. We then apply a variational approach to study the Hamiltonian:
where D ′ is the transverse crystal-field anisotropy. Using the spin identity (S
, one can rewrite Eq. (2) as
where On the other hand, theoretical studies of the Hamiltonian described by Eq. So, we study here the model described by Eq.(3), which we treat by employing the variational approach based on the Bogolyubov inequality for the free energy. The Bogolyubov variational principle for the free energy is given by
where H is the Hamiltonian of the model we want to treat, H o is the trial Hamiltonian, which can be exactly solved and depends on the variational parameter η, F o is the free energy associated with H o , and · · · o is the thermal average over the ensemble defined by
The approximate free energy is given by the minimum of Φ(η) with respect to η.
We use a trial Hamiltonian which includes clusters of one spin, namely:
Using Eqs. (3) and (5) into Eq. (4), we obtain the variational free energy per spin:
with the partition function
where
is the magnetization per spin.
Minimizing Eq. (6), we obtain the variational parameter η = zJm, and the Landau free energy is given by:
with the equation of state (magnetization):
To analyze the second-order phase transition and the TCP, we expand the free energy in powers of m:
where the coefficients a p = To access the influence of quantum effects, we can compare our results for δ y = 0 with the value of the TCP for the Blume-Capel model using MFA, which is equivalent to replacing δ x = δ y = δ in Eqs. (9) and (10) 
